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57 ABSTRACT

Methods and systems for validating cache coherence in a
data processing system are described. A processing element
may detect a load instruction requesting the processing
element to transfer data from a global memory location to a
local memory location. The processing element may apply,
in response to detecting the load instruction requesting the
processing element to transfer data from the global memory
location to the local memory location, a delay to the transfer
of the data from the global memory location to the local
memory location. The processing element may execute the
load instruction and transferring the data from the global
memory location to the local memory location with the
applied delay. The processing element may validate, in
response to executing the load instruction and transferring
the data with the applied delay, a cache coherence of the data
processing system.
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1
CACHE COHERENCE VALIDATION USING
DELAYED FULFILLMENT OF L2 REQUESTS

BACKGROUND

The present invention relates to executions in a processor
and more specifically to data processing, and more specifi-
cally to validation of cache coherence in a multithread
processor, a multicore processor, or other types of comput-
ing systems having multiple processing elements.

In a data processing system including multiple processing
elements (e.g., a system having multiple processors, or a
processor having multiple cores), all processing elements
may access shared memory devices (e.g., such as cache
memory). Each processing element may perform respective
tasks (e.g., threads) that may read and write data in a same
location (e.g., cache line) of the shared memory devices. The
processing elements need to communicate with one another
to maintain cache coherency in order to ensure that any read
or write operation is reading or writing accurate values in the
shared memory devices.

SUMMARY

The summary of the disclosure is given to aid understand-
ing of the computer processing systems and methods of
validating cache coherence among multiple processor cores,
and not with an intent to limit the disclosure or the invention.
The present disclosure is directed to a person of ordinary
skill in the art. It should be understood that various aspects
and features of the disclosure may advantageously be used
separately in some instances, or in combination with other
aspects and features of the disclosure in other instances.
Accordingly, variations and modifications may be made to
the memory systems, architectural structure and method of
operation to achieve different effects.

In some examples, a method for validating cache coher-
ence in a data processing system is generally described. The
method may include detecting a load instruction requesting
a processing element to transfer data from a global memory
location to a local memory location. The processing element
may be among a plurality of processing elements of the data
processing system. The method may further include apply-
ing, in response to detecting the load instruction requesting
the processing element to transfer data from the global
memory location to the local memory location, a delay to the
transfer of the data from the global memory location to the
local memory location. The method may further include
executing the load instruction and transferring the data from
the global memory location to the local memory location
with the applied delay. The method may further include
validating, in response to executing the load instruction and
transferring the data with the applied delay, a cache coher-
ence of the data processing system.

In some examples, a computing system for validating
cache coherence is generally described. The computing
system may include a first processing element, a second
processing element, and an interconnect connected to the
first processing element and the second processing element.
The first processing element may be configured to detect a
load instruction requesting a processing element to transfer
data from a global memory location to a local memory
location. The global memory location may be accessible by
the first processing element and the second processing
element, and the local memory location may be accessible
by the first processing element. The first processing element
may be further configured to apply, in response to detecting
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the load instruction requesting the first processing element to
transfer data from the global memory location to the local
memory location, a delay to the transfer of the data from the
global memory location to the local memory location. The
first processing element may be further configured to
execute the load instruction and transferring the data from
the global memory location to the local memory location
with the applied delay. The first processing element may be
further configured to validate, in response to the execution
of the load instruction and transferring the data with the
applied delay, a cache coherence of the computing system.

In some examples, a processing element for validating
cache coherence is generally described. The processing
element may include a processor pipeline. The processor
pipeline may include one or more load store units (LSUs)
configured to execute load and store instructions. The one or
more L.SUs may be configured to detect a load instruction
requesting the processing element to transfer data from a
global memory location to a local memory location. The
processing element may be among a plurality of processing
elements of a data processing system. The one or more LSUs
may be configured to apply, in response to detecting the load
instruction requesting the processing element to transfer data
from the global memory location to the local memory
location, a delay to the transfer of the data from the global
memory location to the local memory location. The one or
more L.SUs may be configured to execute the load instruc-
tion and transferring the data from the global memory
location to the local memory location with the applied delay.
The one or more L.SUs may be configured to validate, in
response to executing the load instruction and transferring
the data with the applied delay, a cache coherence of a data
processing system including the processing eclement.

Further features as well as the structure and operation of
various embodiments are described in detail below with
reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The various aspects, features, and embodiments of a
processor, processor system, and/or method of processing
data will be better understood when read in conjunction with
the figures provided. Embodiments are provided in the
figures for the purpose of illustrating aspects, features,
and/or various embodiments of the processor, processor
system, and methods of managing and processing data, but
the claims should not be limited to the precise system,
embodiments, methods, processes and/or devices shown,
and the features, and/or processes shown may be used
singularly or in combination with other features, and/or
processes. It may be noted that a numbered element is
numbered according to the figure in which the element is
introduced, is often, but not always, referred to by that
number in succeeding figures, and like reference numbers in
the figures often, but not always, represent like parts of the
illustrative embodiments of the invention.

FIG. 1 depicts a general computing or data processing
system in accordance with an embodiment.

FIG. 2 a block diagram of a processor in accordance with
an embodiment.

FIG. 3 illustrates an example implementation of cache
coherence validation using delayed fulfillment of L[.2
requests in an embodiment.

FIG. 4 illustrates an example flowchart example of cache
coherence validation using delayed fulfillment of L[.2
requests according to an embodiment.
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DETAILED DESCRIPTION

The following description is made for illustrating the
general principles of the invention and is not meant to limit
the inventive concepts claimed herein. In the following
detailed description, numerous details are set forth in order
to provide an understanding of a processor, its architectural
structure, and its method of operation, however, it will be
understood by those skilled in the art that different and
numerous embodiments of the processor, architectural struc-
ture, and method of operation may be practiced without
those specific details, and the claims and invention should
not be limited to the embodiments, subassemblies, features,
processes, methods, aspects, features or details specifically
described and shown herein. Further, particular features
described herein can be used in combination with other
described features in each of the various possible combina-
tions and permutations.

Unless otherwise specifically defined herein, all terms are
to be given their broadest possible interpretation including
meanings implied from the specification as well as meanings
understood by those skilled in the art and/or as defined in
dictionaries, treatises, etc.

The term “workload” of a processor refers to the number
of instructions being executed by the processor during a
given period or at a particular instant of time.

A processor may process instructions by executing the
instruction in a series of small steps. In some cases, to
increase the number of instructions being processed by the
processor (and therefore increase the speed of the proces-
sor), the processor may be pipelined. Pipelining refers to
providing separate stages in a processor where each stage
performs one or more of the small steps necessary to execute
an instruction. In an example, the pipeline (in addition to
other circuitry) may be placed in a portion of the processor
referred to as the processor core. Some processors may have
multiple processor cores (e.g., multiprocessor system), and
in some cases, each processor core may have multiple
pipelines. Where a processor core has multiple pipelines,
groups of instructions (referred to as issue groups) may be
issued to the multiple pipelines in parallel and executed by
each of the pipelines in parallel. The pipeline may include
multiple stages, such as a decode stage, a dispatch stage, an
execution stage, etc. The execution stage may include
execution units that process different types of operations as
specified by the instructions. For example, a load store unit
(LSU) is an execution unit that processes, for example, load
instructions and store instructions.

In an example, the physical addresses of a store and load
instructions that are committed may be stored as entries in
one or more load store queues (L.SQs) of a LSU. The LSQs
may include load refresh queues (LRQs) and store reorder
queues (SRQs). In an example, the SRQs and LRQs may
reside in a local memory, such as a [.1 data cache of a
processor core. The entries in the SRQs may be store
instructions that are committed, where committed store
instructions may be store instructions that are completed by
a thread, a processor core, or processing clement, the
completion cannot be undone, and other processing ele-
ments are not aware of the completion until the SRQ is
drained to global memory (e.g., a level two (L2) cache or a
level three (L.3) cache, or other memory accessible by more
than one processing element). Upon draining a SRQ or a
committed store instruction to global memory, a value being
stored or updated in a memory address specified by the
committed store instruction may be visible to all processors
or processing elements among the multiprocessor system.
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In an example, physical addresses associated with a load
instruction may be stored as entries in the LRQs such that
load instructions may be tracked by the LRQs. The entries
in the LRQ may be load instructions that are waiting to be
completed or retired by the processor core. In an example,
load instructions and store instructions may be issued in
order, but may be completed out of order due to various
factors, such as different software or application implemen-
tations, dependencies on other threads, available resources,
an order in which the data being stored arrives to global
memory, or data being loaded from the global memory, etc.
Depending on the requirements and the availability of
resources, the load and store instructions may be completed
out of order, and may not be completed until all the younger
load and store instructions have been completed. If an older
instruction is not completed for any reason, then all younger
load and store instructions must be flushed, and the original
values in the affected resources must be restored and re-
executed.

For example, when a LSU executes a load instruction, the
LSU may check in the LRQ to identify any younger load
instructions (e.g., load instructions arrived later than the load
instruction) that has the same target as the load instruction,
and that has already executed. In response to identifying
such a younger load instruction, the younger load instruction
may need to be re-execute in order to maintain sequential
load consistency and to ensure that the younger load instruc-
tion does not read a value from the target that may be older
than what will be read by the older load instruction (e.g., the
load instruction being executed by the LSU). In an example,
a younger load instruction may complete before an older
load instruction when the older load instruction is waiting
for data necessary for its completion.

In an example, to validate load and store coherence
among multiple processing elements (e.g., processor cores,
multiple threads, etc.) special corners in micro-architecture
may be introduced to a system having the multiple process-
ing elements. The special corners may be introduced inten-
tionally to test whether specific processes and/or logic for
managing cache coherence, include load and store coher-
ence, are functioning correctly or not. For example, a
specific logic may be implemented for detecting completion
of younger load instructions and for triggering re-execution
of the detected younger load instructions. To validate or test
this specific logic, out-of-order hazards can be introduced to
delay completion of the older load instructions and allow
younger load instructions to complete. Note that if all
out-of-order load instructions are completed without errors,
then the changes of identifying errors in the specific logic
may be reduced.

In an example, software may be implemented to create
out-of-order hazards to test and validate load and store
coherence. However, these software may be relatively com-
plicated to design, resulting in more development cost of
processors. For example, software may be implemented for
delaying load and store instructions across various bound-
aries of the cache lines or intra-cache line boundaries.
However, the time to design, develop, and test these soft-
ware on different computer architectures may not be desir-
able. Further, as various computer architecture designs
changes and become more complicated, these software may
also need to be redesigned and changed to accommodate the
architecture changes. To be described in more detail below,
hardware components may be utilized to create and control
out-of-order hazards, where the hardware components may
be switched on and off (e.g., by firmware) selectively. For
example, the hardware components may be switched on for
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validation purposes or debugging a possible failure, and may
be switched off at other times. Also, the hardware compo-
nents may be implemented in different computer architec-
tures without a need for software changes. The utilization of
hardware components to perform these delays may reduce
the cost of software development, and may enable faster
mean time to identify failure, thus improving the visibility of
fail cases in validating load and store coherences.

FIG. 1 illustrates an information handling system 101
which may be a simplified example of a computer system
capable of performing the computing operations described
herein. Computer system 101 may include one or more
processor(s) 100 which is coupled to a host bus 102. The
processor(s) 100 may include, for example, an off-the-shelf
microprocessor, custom processor, Field Programmable
Gate Array (FPGA), Application Specific Integrated Circuit
(ASIC), discrete logic, etc., or generally any device for
executing instructions. In an example, the processor(s) 101
may be multicore processors including two or more proces-
sor cores A level two (L2) cache memory 104 may be
coupled to host bus 102. An I/O bridge (e.g., a Host-to-PCI
bridge) 106 may be coupled to a main memory 108, where
the I/O bridge may include cache memory and main memory
control functions, and may provide bus control to handle
transfers among a PCI bus 110, the processor 100, the 1.2
cache 104, the main memory 108, and the host bus 102.
Main memory 108 may be coupled to the I/O bridge 106 as
well as the host bus 102. Other types of memory, such as
Random Access Memory (RAM), and/or various volatile
and/or nonvolatile memory devices, may be coupled to the
host bus 102 and/or the I/O bridge 106 as well. For example,
memory devices coupled to the host bus 102 may include
electrically erasable programmable read only memory (EE-
PROM), flash programmable read only memory (PROM),
battery backup RAM, hard disk drives, etc. Nonvolatile
memory devices coupled to the host bus 102 may be used for
holding executable firmware and any nonvolatile data con-
taining programming instructions that can be executed to
cause the processor 100 to perform certain functions, such as
the methods described herein. Devices used solely by pro-
cessor(s) 100, such as /O component(s) 130, may be
coupled to PCI bus 110. Service Processor Interface and ISA
Access Pass-through 112 may provide an interface between
PCI bus 110 and PCI bus 114. In this manner, PCI bus 114
may be insulated from PCI bus 110. Devices, such as flash
memory 118, are coupled to PCI bus 114. In one implemen-
tation, flash memory 118 may include BIOS code that
incorporates necessary processor executable code for a
variety of low-level system functions and system boot
functions.

PCI bus 114 may provide an interface for a variety of
devices that are shared by host processor(s) 100 and Service
Processor 116 including, for example, flash memory 118.
PCI-to-ISA bridge 135 provides bus control to handle trans-
fers between PCI bus 114 and ISA bus 140, universal serial
bus (USB) functionality 145, power management function-
ality 155, and can include other functional elements not
shown, such as a real-time clock (RTC), DMA control,
interrupt support, and system management bus support.
Nonvolatile RAM 120 may be attached to ISA Bus 140.
Service Processor 116 may include a bus 122 (e.g., JTAG
and/or 12C bus) for communication with processor(s) 100
during initialization steps. The bus 122 may also be coupled
to L2 cache 104, I/O bridge 106, and main memory 108
providing a communications path between processor, Ser-
vice Processor, L2 cache, Host-to-PCI bridge, and main
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memory 108. Service Processor 116 also has access to
system power resources for powering down information
handling device 101.

Peripheral devices and input/output (I/O) devices can be
attached to various interfaces (e.g., parallel interface 162,
serial interface 164, keyboard interface 168, and mouse
interface 170 coupled to ISA bus 140. Alternatively, many
1/0O devices can be accommodated by a super /O controller
(not shown) attached to ISA bus 140. Other interfaces that
allow the processor(s) 100 to communicate with external
devices may include, but are not limited to, serial interfaces
such as RS-232, USB (Universal Serial Bus), Small Com-
puter Systems Interface (SCSI), RS-309 or a wireless com-
munication interface such as Wi-Fi, Bluetooth, near-field
communication (NFC) or other wireless interfaces.

In an example, in order to attach computer system 101 to
another computer system to copy files over a network, /O
component 130 may include a LAN card coupled to PCI bus
110. Similarly, to connect computer system 101 to an ISP to
connect to the Internet using a telephone line connection,
modem 175 is connected to serial port 164 and PCI-to-ISA
Bridge 135.

While FIG. 1 shows one information handling system that
employs processor(s) 100, the information handling system
may take many forms. For example, information handling
system 101 may take the form of a desktop, server, portable,
laptop, notebook, or other form factor computer or data
processing system. Information handling system 101 may
also take other form factors such as a personal digital
assistant (PDA), a gaming device, ATM machine, a portable
telephone device, a communication device or other devices
that include a processor and memory.

FIG. 2 depicts a block diagram of a processor 200
according to an embodiment. The processor 200 may
include at least a memory 202, an instruction cache 204, an
instruction fetch unit 206, a branch predictor 208, and a
processor pipeline or a processing pipeline 210. The pro-
cessor 200 may be included within a computer processor or
otherwise distributed within a computer system. Instructions
and data can be stored in memory 202, and the instruction
cache 204 may access instructions in memory 202 and store
the instructions to be fetched. The memory 202 may include
any type of volatile or nonvolatile memory, such as cache
memory. The memory 202 and instruction cache 204 can
include multiple cache levels. A data cache (not depicted)
may also be included in the processor 200. In one embodi-
ment, instruction cache 204 may be configured to provide
instructions in an 8-way set associative structure. Alterna-
tively, any other desired configuration and size may be
employed. For example, instruction cache 204 may be
implemented as a fully associative, set associative, or direct
mapped configuration.

In FIG. 2, a simplified example of the instruction fetch
unit 206 and the processing pipeline 210 are depicted. In
various embodiments, the processor 200 may include mul-
tiple processing pipelines 210 and instruction fetch units
206. In an embodiment, the processing pipeline 210 includes
a decode unit 20, an issue unit 22, an execution unit 24, and
write-back logic 26. In some examples, the instruction fetch
unit 206 and/or the branch predictor 208 may also be part of
the processing pipeline 210. The processing pipeline 210
may also include other features, such as error checking and
handling logic, reorder buffer, one or more parallel paths
through the processing pipeline 210, and other features now
or hereafter known in the art. While a forward path through
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the processor 200 is depicted in FIG. 2, other feedback and
signaling paths may be included between elements of the
processor 200.

Branch instructions (or “branch”) can be either uncondi-
tional, meaning that the branch is taken every time that the
instruction is encountered in the program, or conditional,
meaning that the branch is either taken or not taken, depend-
ing upon a condition. The processor 200 can provide con-
ditional branch instructions which allow a computer pro-
gram to branch from one instruction to a target instruction
(thereby skipping intermediate instructions, if any) if a
condition is satisfied. If the condition is not satisfied, the
next instruction after the branch instruction may be executed
without branching to the target instruction. Most often, the
instructions to be executed following a conditional branch
are not known with certainty until the condition upon which
the branch depends has been resolved. The branch predictor
208 can attempt to predict the outcome of conditional branch
instructions in a program before the branch instruction is
executed. If a branch is mispredicted, all of the speculative
work, beyond the point in the program where the branch is
encountered, must be discarded. For example, when a con-
ditional branch instruction is encountered, the processor 200
may predict which instruction will be executed after the
outcome of the branch condition is known. Then, instead of
stalling the processing pipeline 210 when the conditional
branch instruction is issued, the processor may continue
issuing instructions beginning with the predicted next
instruction.

In a conditional branch, control can be transferred to the
target address depending upon the results of a previous
instruction. Conditional branches may be either resolved or
unresolved branches depending on whether the result of the
previous instruction is known at the time of the execution of
the branch. If the branch is resolved, then it is known
whether the branch is to be executed. If the conditional
branch is not executed, the next sequential instruction
stream immediately following the branch instruction is
executed. If the conditional branch is executed, then the
instruction stream starting at the target address is executed.

The instruction fetch unit 206 fetches instructions from
the instruction cache 204 according to an instruction
address, for further processing by the decode unit 20. The
decode unit 20 decodes instructions and passes the decoded
instructions, portions of instructions, or other decoded data
to the issue unit 22. The decode unit 20 may also detect
branch instructions which were not predicted by branch
predictor 208. The issue unit 22 analyzes the instructions or
other data and transmits the decoded instructions, portions
of instructions, or other data to one or more execution units
in the execution unit 24 based on the analysis. The execution
unit 24 executes the instructions and determines if the
predicted branch direction is incorrect. The branch direction
may be “taken”, in which subsequent instructions are
fetched from the target address of the branch instruction.
Conversely, the branch direction may be “not taken”, in
which subsequent instructions are fetched from memory
locations consecutive to the branch instruction. When a
mispredicted branch instruction is detected, instructions
subsequent to the mispredicted branch can be discarded
from the various units of processor 200.

The execution unit 24 may include a plurality of execu-
tion units, such as fixed-point execution units, floating-point
execution units, load/store execution units (or load store unit
denoted as L.SU), and vector multimedia execution units.
The execution unit 24 may also include specialized branch
predictors to predict the target of a multi-target branch. The
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write-back logic 26 writes results of instruction execution
back to a destination resource 220. The destination resource
220 may be any type of resource, including registers, cache
memory, other memory, I/O circuitry to communicate with
other devices, other processing circuits, or any other type of
destination for executed instructions or data. One or more of
the processor pipeline units may also provide information
regarding the execution of conditional branch instructions to
the branch predictor 208.

In an example, an execution slice may be referred to as a
set of data processing circuitry or hardware units connected
in series within a processor core. An execution slice may be
a pipeline or pipeline-like structure. Multiple execution
slices may be used as part of simultaneous multi-threading
within a processor core among multiple processor cores of
a multiprocessor system. In modern computer architecture,
there can be multiple execution units within an execution
slice including L.SUs, vector-scalar units (VSUs), arithmetic
logic units (ALUs), among other execution units. A LSU
typically includes one or more store queues each having
entries to track store instructions and hold store data, and
one or more load queues each having entries to track load
instructions and hold load data.

In an embodiment, processor 200 may perform branch
prediction in order to speculatively fetch instructions sub-
sequent to conditional branch instructions. Branch predictor
208 is included to perform such branch prediction opera-
tions. In an embodiment, instruction cache 204 may provide
to the branch predictor 208 an indication of the instruction
address being fetched, so that branch predictor 208 may
determine which branch target addresses to select for form-
ing a branch prediction. The branch predictor 208 may be
coupled to various parts of the processing pipeline 210, such
as, for example, execution unit 24, decode unit 20, reorder
buffer, etc. to determine if the predicted branch direction is
correct or incorrect.

To facilitate multithreading, instructions from different
threads can be interleaved in some fashion at some point in
the overall processor pipeline. An example technique to
interleave instructions from different threads involves inter-
leaving instructions on a cycle-by-cycle basis based on
interleaving rules. For example, instructions from the dif-
ferent threads can be interleaved such that a processor can
perform an instruction from a first thread in a first clock
cycle, and then an instruction from a second thread in a
second clock cycle, and subsequently another instruction
from the first thread in a third clock cycle and so forth. Some
interleaving techniques may involve assigning a priority to
each thread and then interleaving instructions from the
different threads based on the assigned priorities. For
example, if a first thread is assigned to a higher priority than
a second thread, an interleaving rule may require that twice
as many instructions from the first thread assigned with the
higher priority be included in the interleaved stream as
compared to instructions from the second thread assigned
with the lower priority. Various different interleaving rules
can be set, such as rules designed for resolving threads with
the same priority, or rules that interleave instructions from
relatively less important threads periodically (e.g., perform-
ing instruction from a lower priority thread every X cycles).

Thread interleaving based on priorities can allow proces-
sor resources to be allotted based on the assigned priorities.
However, thread priorities sometimes do not take into
account processor events, such as branch mispredictions,
that may affect the ability of threads to advance through a
processor pipeline. These events can sometimes impact the
efficiency of processor resources allotted between different
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instruction threads in a multi-thread processor. For example,
priority-based techniques that give higher priority to threads
with fewer instructions in the decode, rename, and instruc-
tion queue stages of the pipeline sometimes can be ineffi-
cient at reducing the number of wrong-path instructions
caused by branch mispredictions (e.g., incorrectly specu-
lated instructions) in the pipeline. These wrong-path instruc-
tions can tie up the fetch bandwidth and other valuable
resources of the processor, such as instruction queues and
other functional units.

Efficiency and/or performance of the processor 200 can be
improved by reducing the number of wrong-path instruc-
tions in the processing pipeline 210. For example, threads
with higher rate of mispredictions can be delayed (e.g.,
fetched slower by the instruction fetch unit) in the process-
ing pipeline 210, causing a reduction in the number of
wrong-path instructions in the processing pipeline 210.
Further, a number of instructions following a first unfinished
or unresolved branch instruction processing pipeline 210 can
be tracked to prevent an excessive number of potentially
wrong-path instructions being performed.

In an embodiment, the processor 200 can be a SMT
processor configured to perform multithreading. The pro-
cessor 200 can use one or more instruction queues 212 to
collect instructions from the one or more different threads.
The instruction fetch unit 206 can fetch instructions stored
in the instruction cache 204 and fill the instruction queues
212 with the fetched instructions. Performance of the pro-
cessor 200 can depend on how the instruction fetch unit 206
fill these instruction queues 212. The instruction fetch unit
206 can be configured to assign and manage priorities of the
different threads, and based on these priorities, decide which
instructions and/or which threads to fetch and send these
fetched instructions to the instruction queues 212. The
processor 200 can further include a thread scheduler 214
configured to schedule and distribute the instructions in the
instruction queues 212 to the processing pipeline 210. In an
example, the processor 200 may be a multicore processor
including two or more processor cores, and each core may
be configured to process one or more threads. In an example,
each processor core may be configured to process a respec-
tive thread. In another example, each processor core may be
configured as a multithread processor that can process
multiple threads.

In an example, in response to the execution unit 24 being
a load store unit (LSU) 228, a circuit 230 may be embedded
or integrated in the processor 102 to selectively delay
fulfillment of load requests that involve data transfer from a
global memory location to a local memory location. In an
example, the global location may be a memory location
accessible by multiple processor elements, such as multiple
threads, multiple processor cores, or multiple processors. In
an example, the local location may be a memory location
accessible by a processing element and/or by multiple
threads running on the processing element, but inaccessible
to other processing elements. In one example configuration,
a L1 cache of a processing element, and/or the processing
element itself, can be considered as local memory, and any
higher level memory such as 1.2 cache, [.3 cache, etc. may
be considered as global memory. In another example con-
figuration, a L2 cache can be a local memory if the L2 cache
is configured to be accessible by a connected processing
element, but not by other processing elements. The circuit
230 may be configured to delay fulfillment of specific load
requests by a specific number of cycles, or by a random
number of cycles, depending on a desired implementation.
Further, the circuit 230 may be activated (e.g., switched on)
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or deactivated (e.g., switched off) by the processor 102. The
delay to the data transfer from the global location to the local
location may allow the processor 102 to have additional time
to create out-of-order hazards that can be used for testing or
validating load and store coherence of the processing pipe-
line 210. For example, the delay applied by the circuit 230
may provide additional time for a processing element to
snoop another processing element to make changes to the
global memory locations being indicated in the load requests
being processed by the LSU 228.

FIG. 3 illustrates an example implementation of cache
coherence validation using delayed fulfillment of L[.2
requests in an embodiment. In the example shown in FIG. 3,
the processor 102 may be a multicore processor including
multiple processor cores connected to one another via an
interconnect 301 (e.g., a bus, mesh network, crossbar, etc.),
such as a first processor core labeled as Core 0 and a second
processor core labeled as Core 1. Each one of Core 0 and
Core 1 may be configured to process multiple threads. For
example, Core 0 may be configured to process multiple
threads, such as a thread 302 and a thread 303. The threads
302, 303, and other threads running on Core 0 can access the
local memory 314. The thread 302 may include an instruc-
tion stream having store instructions and load instructions.
Core 0 may implement the LSU 228 to process the store
instructions and load instructions of the thread 302. The
LSU 228 may include a SRQ 304 and a LRQ 305. The SRQ
304 may be configured to store SRQ entries representing
committed store instructions 321a, 3215, 321c. The com-
mitted store instructions 321a, 3215, 321¢ may be com-
pleted store instructions, but since they are stored in the SRQ
304, only Core 0 is aware that the store instructions 321a,
3215, 321c¢ are completed. The LRQ 305 may be configured
to store LRQ entries representing load instructions 322a,
322bh, 322¢ that are waiting to be completed. The load
instructions 322a, 3225, 322¢ may include respective target
memory locations to load or fetch data from, but since they
are stored in the LRQ 305, only Core 0 is aware of the target
locations being indicated by the load instructions 322a,
3225, 322c¢.

Core 0 may include a local memory 314, where the local
memory 314 may be local to Core 0. For example, the
memory locations or addresses of the local memory 314 may
be local to (or accessible by) Core 0 and one or more threads
running on Core 0, but inaccessible by Core 1. Local
memory 314 may be, for example, a L1 cache, or a memory
block including a [.1 cache and/or a 1.2 cache. Core 1 may
include its own local memory that is not accessible by Core
0. The processor 102 may include a global memory 306
having global memory locations or addresses that is shared,
or accessible, by all cores connected to the interconnect 301
(e.g., Core 0 and Core 1). The global memory 306 can be,
for example, a 1.2 cache, a L3 cache, or a memory block
including a [.2 cache and/or a L3 cache, or other higher level
memory devices. The global memory 306 may include a
store queue (STQ) 308 and a load queue (LDQ) 309 that are
accessible by all cores connected to the interconnect 301. In
an example, a first subset of memory addresses or cache
lines of the global memory 306 may be allocated to the STQ
308 and a second subset of memory addresses or cache lines
of the global memory 306 may be allocated to the LDQ 309.
The STQ 308 may be configured to hold or store SRQ
entries drained from the SRQ 304 in the L.SU 228. For
example, the SRQ 304 may drain the SRQ entries repre-
senting the store instructions 321a, 3215, 321¢ to the STQ
308, such that data being written or updated by the store
instructions 321a, 3215, 321¢ becomes accessible to Core 1.
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The LDQ 309 may be configured to hold or store LRQ
entries drained from the LRQ 305 in the LSU 228. In an
example, a LRQ entry in the LRQ 305 may be drained to the
LDQ 309 to request data, or to request a cache line, to be
loaded from the global memory 306 to the local memory
314, the LSU 228, or to Core 0. The LRQ entries in the LRQ
305 may be drained sequentially, such that older load
instructions may request its data before younger load
instructions. However, the fulfillment of the load instruc-
tions from the global memory 306 may be out-of-order,
causing some younger load instructions to complete before
older instructions. For example, in the example shown in
FIG. 3, the load instruction 322¢ may be an older load
instruction than the load instruction 32254, and the load
instruction 3225 may be older than the load instruction 322a.
When the load instruction 322¢ is drained to the LDQ 309
to request data C, if data C is not available in the global
memory 306 and if the SRQ 304 does not have a committed
store instruction to store data C, the load instruction 322¢
needs to wait for data C to be available in the global memory
306. While the load instruction 322¢ is waiting in the global
memory 306, the load instruction 3225 may be drained to the
global memory 306 to request data B. In an example, if data
B is not available in the global memory 306 but the SRQ 304
includes a committed store instruction to store data B, the
LSU 228 may directly forward the committed store instruc-
tion storing data B to the local memory 314, the LSU 228,
or to Core 0 directly without going through the local
memory 314, or to the LSU 228, or Core 0 via the local
memory 314.

In an example, the targets (e.g., requested cache line or
global memory locations) of younger load instruction 3225
and the older load instruction 322¢ may overlap. For
example, data B may be stored in a target cache line of the
global memory 306, but only a portion of data C may be
stored in the target cache line in the global memory 306.
Therefore, the younger load instruction 3225 may be com-
pleted before the older load instruction 322¢ since data B is
available from the target cache line, but data C is not
available yet. While the younger load instruction 3225 being
completed, and the older load instruction 322¢ still waiting
for data C, there is a chance that other cores (e.g., Core 1)
may make changes to a part of the target cache line (e.g.,
writing to the target cache line) storing data B and parts of
data C. Thus, when the older load instruction 322c¢ is
fulfilled, data C being read from the target cache line may be
different from what was read from the completed and
younger load instruction 3225.

The LSU 228 may be configured to execute a logic 319 to
detect whether a younger load instruction that has overlap-
ping target with an older load instruction is fulfilled before
the older load instruction. In response to detecting a younger
load instruction with overlapping target being fulfilled or
completed before an older load instruction, 319 logic may
trigger the LSU 228 to re-execute the younger load instruc-
tion after fulfilling the older load instruction. In order to test
whether cache coherence of the processor 102 is a success
or a failure, the circuit 230 may be integrated or embedded
in the global memory 306 to test whether the logic 319 is
functioning correctly. In an example, the logic 319 may be
functioning correctly if a younger load instruction with
overlapping target fulfilled before an older load instruction
is re-executed in response to a fulfillment of the older load
instruction. In an example, the logic 319 may not be func-
tioning correctly if a younger load instruction with overlap-
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ping target fulfilled before an older load instruction is not
re-executed in response to a fulfillment of the older load
instruction.

To test whether the logic 319 is functioning correctly,
out-of-order hazards will have to be created, such as fulfill-
ing younger load instructions with overlapping targets
before older load instructions and causing changes to the
target such that the younger and older load instructions read
different data upon fulfillment. The circuit 230 may be
configured to apply a delay 330 to data transfer paths from
the global memory 306 to the local memory 314 of Core 0,
to the LSU 228, or to Core 0 (through or not through the
local memory 314), and to other data paths from the global
memory 306 to other local memory of other cores. The delay
330 may delay a data transfer to fulfill a load instruction
requesting data from the global memory 306 to local
memory such as .1 caches and processor cores. The delayed
data transfer may provide additional time for another pro-
cessing element or core to perform actions that can create
out-of-order hazards for testing the logic 319, thus increase
a chance of occurrences of out-of-order hazards that can be
used for testing the logic 319.

In an example, the load instruction 322¢ may be older
than the load instruction 3224, and the targets (e.g., the
requested cache line(s) or global memory location) of the
load instructions 3224, 322¢ may overlap. While the older
load instruction 322c¢ is waiting in the global memory 306,
if Core 1 does not make changes to the target cache line, then
there may be no out-of-order hazards created for testing the
logic 319. In order to increase a chance of having Core 1
make changes to the target cache line, the circuit 230 may
delay data transfer from the global memory 306 to the local
memory 314, to the LSU 228, and/or to Core 0. The delayed
data transfer may provide additional time for another core,
such as Core 1, to make changes to the target location of the
older load instruction 322c¢ that is waiting in the global
memory 306. For example, in response to the delay 330
being applied, an out-of-order hazard may be created when
Core 1 snoops the global memory 306 (e.g., snoop 320) to
make changes to the target location of the load instruction
322¢. In an example, the delay 330 may override the
availability of the requested data. For example, the circuit
230 may still apply the delay 330 even though data C is
available to fulfill the load instruction 322¢. The available
data C may be transferred from the global memory 306 to
the local memory 314 upon a lapse of the delay 330.

In an example, Core 0 may be configured to detect load
instructions requesting data transfer from global memory
locations (e.g., L2 cache) to local memory locations 314
(e.g., L2 cache), the LSU 228, and/or Core 0, and, in
response, may switch on the circuit 230 to delay data
transfer from the global memory location to the local
memory location. If Core 0 detects data forwarding requests,
such as requests for data to be transfer from the SRQ 304 to
the local memory 314, the LSU 228, and/or Core 0, then
Core 0 may not switch on the circuit 230. In an example,
Core 0 may execute firmware in combination with hardware
switches to control the activation and deactivation of the
circuit 230 at boot time.

In an example, the delay 330 may be a specific number of
cycles being added to delay data transfer from the global
memory 306 to the local memory 314, the L.SU 228, or Core
0. In one example embodiment, a specific group of cache
lines in the global memory 306 may be assigned to undergo
the delay (e.g., odd cache lines, even cache lines, or other
groups or subsets of cache lines). In another example
embodiment, the number of cycles in the delay 330 may be
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based on a distance between the processing element execut-
ing the load instruction (e.g., Core 0) and other processing
elements (e.g., Core 1 and other cores). For example, the
number of cycles in the delay 330 may be a multiple of a
time it takes for ownership of the target cache line to travel
from a nearest core or from a furthest core in the processor
102. In another example embodiment, the number of cycles
in the delay 330 may cause Core 0 to perceive the target
cache line as a cache line or memory location that is
relatively far. In another example embodiment, the circuit
230 may include a random number generator configured to
generate a random number. The generated random number
may be set as the number of cycles in the delay 330 and/or
the number of delayed cycles for each cache line. For
example, the delay 330 applied to a first cache line may be
a first number of cycles and the delay 330 applied to a
second cache line may be a second number of cycles. In an
example, the circuit 230 may include linear feedback shift
registers (LFSR) that may implement random number gen-
eration.

FIG. 4 illustrates an example flowchart example of cache
coherence validation using delayed fulfillment of L2
requests in one embodiment. The process 400 can include
one or more operations, actions, or functions as illustrated
by one or more of blocks 402, 404, 406, and/or 408.
Although illustrated as discrete blocks, various blocks can
be divided into additional blocks, combined into fewer
blocks, eliminated, performed in parallel, or performed in
different order, depending on the desired implementation.

The process 400 may be implemented by a processing
element to validate cache coherence in a data processing
system. The process 400 may begin at block 402. At block
402, the processing element may detect a load instruction
requesting the processing element to transfer data from a
global memory location to a local memory location. The
processing element may be among a plurality of processing
elements of the data processing system. In an example, the
global memory location may be a memory location in a level
two (L2) cache connected to the plurality of processing
elements in the data processing system, and the local
memory location may be a memory location in a level one
(L1) cache of the processing element. In an example, the
load instruction may be a first load instruction, and applying
the delay may cause the execution of the first load instruc-
tion to be completed later than an execution of a second load
instruction. The second load instruction may be younger
than the first load instruction, and the second load instruction
may have a target that overlaps with a target of the first load
instruction.

The process 400 may proceed from block 402 to block
404. At block 404, the processing element may apply, in
response to detecting the load instruction requesting the
processing element to transfer data from the global memory
location to the local memory location, a delay to the transfer
of the data from the global memory location to the local
memory location. In an example, the application of the delay
to the transfer of data may increase a window of opportunity
for another processing element to make changes relating to
the global memory location. The changes relating to the
global memory location may create an out-of-order hazard
for the data processing system. In an example, the global
memory location may be a cache line assigned to undergo
the delay. In an example, the delay may be based on a
random number. In an example, the delay is based on a
distance between the processing element and other process-
ing elements in the data processing system.
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The process 400 may proceed from block 404 to block
406. At block 406, the processing element may execute the
load instruction and transferring the data from the global
memory location to the local memory location with the
applied delay. The process 400 may proceed from block 406
to block 408. At block 408, the processing element may
validate, in response to executing the load instruction and
transferring the data with the applied delay, a cache coher-
ence of the data processing system. In an example, in
response to completing the execution of the first load
instruction, the processing element may detect whether the
second load instruction is being re-executed. In response to
the second load instruction being re-executed, the process-
ing element may determine the cache coherence of the data
processing system is successful. In response to the second
load instruction not being re-executed, the processing ele-
ment may determine the cache coherence of the data pro-
cessing system failed.

The present invention may be a system, a method, and/or
a computer program product at any possible technical detail
level of integration. The computer program product may
include a computer readable storage medium (or media)
having computer readable program instructions thereon for
causing a processor to carry out aspects of the present
invention.

The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
instruction execution device. The computer readable storage
medium may be, for example, but is not limited to, an
electronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium includes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
is not to be construed as being transitory signals per se, such
as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.

Computer readable program instructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network interface in each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
instructions for storage in a computer readable storage
medium within the respective computing/processing device.

Computer readable program instructions for carrying out
operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
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machine instructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, con-
figuration data for integrated circuitry, or either source code
or object code written in any combination of one or more
programming languages, including an object oriented pro-
gramming language such as Smalltalk, C++, or the like, and
procedural programming languages, such as the “C” pro-
gramming language or similar programming languages. The
computer readable program instructions may execute
entirely on the user’s computer, partly on the user’s com-
puter, as a stand-alone software package, partly on the user’s
computer and partly on a remote computer or entirely on the
remote computer or server. In the latter scenario, the remote
computer may be connected to the user’s computer through
any type of network, including a local area network (LAN)
or a wide area network (WAN), or the connection may be
made to an external computer (for example, through the
Internet using an Internet Service Provider). In some
embodiments, electronic circuitry including, for example,
programmable logic circuitry, field-programmable gate
arrays (FPGA), or programmable logic arrays (PLA) may
execute the computer readable program instructions by
utilizing state information of the computer readable program
instructions to personalize the electronic circuitry, in order to
perform aspects of the present invention.

Aspects of the present invention are described herein with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks in the
flowchart illustrations and/or block diagrams, can be imple-
mented by computer readable program instructions.

These computer readable program instructions may be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function in a particular manner, such that
the computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified in the flowchart and/or block diagram block or
blocks.

The computer readable program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other device to cause a series of operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer imple-
mented process, such that the instructions which execute on
the computer, other programmable apparatus, or other
device implement the functions/acts specified in the flow-
chart and/or block diagram block or blocks.

The flowchart and block diagrams in the Figures illustrate
the architecture, functionality, and operation of possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or
portion of instructions, which comprises one or more
executable instructions for implementing the specified logi-
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cal function(s). In some alternative implementations, the
functions noted in the blocks may occur out of the order
noted in the Figures. For example, two blocks shown in
succession may, in fact, be executed substantially concur-
rently, or the blocks may sometimes be executed in the
reverse order, depending upon the functionality involved. It
will also be noted that each block of the block diagrams
and/or flowchart illustration, and combinations of blocks in
the block diagrams and/or flowchart illustration, can be
implemented by special purpose hardware-based systems
that perform the specified functions or acts or carry out
combinations of special purpose hardware and computer
instructions.
The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the invention. It must also be noted that, as used
in the specification and the appended claims, the singular
forms “a”, “an” and “the” include plural referents unless
otherwise specified. It will be further understood that the
terms “comprises” and/or “comprising,” when used in this
specification, specify the presence of stated features, inte-
gers, steps, operations, elements, and/or components, but do
not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components,
and/or groups thereof.
The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements, if any, in
the claims below are intended to include any structure,
material, or act for performing the function in combination
with other claimed elements as specifically claimed. The
description of the present invention has been presented for
purposes of illustration and description, but is not intended
to be exhaustive or limited to the invention in the form
disclosed. Many modifications and variations will be appar-
ent to those of ordinary skill in the art without departing
from the scope and spirit of the invention. The embodiment
was chosen and described in order to best explain the
principles of the invention and the practical application, and
to enable others of ordinary skill in the art to understand the
invention for various embodiments with various modifica-
tions as are suited to the particular use contemplated.
What is claimed is:
1. A method for validating cache coherence in a data
processing system, the method comprising:
detecting a load instruction requesting a processing ele-
ment to transfer data from a target cache line in a global
memory location to a local memory location, the pro-
cessing element being among a plurality of processing
elements of the data processing system;
applying, in response to detecting the load instruction
requesting the processing element to transfer the data
from the target cache line in the global memory loca-
tion to the local memory location, a delay in the global
memory location to delay the transfer of the data from
the target cache line in the global memory location to
the local memory location, wherein applying the delay
to the transfer of the data increases a window of
opportunity for another processing element to make
changes to the target cache line in the global memory
location to create an out-of-order hazard for the data
processing system, and wherein the delay is based on a
distance between the processing element and other
processing elements in the data processing system;

executing the load instruction and transferring the data
from the target cache line in the global memory loca-
tion to the local memory location with the applied
delay; and
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validating, in response to executing the load instruction
and transferring the data with the applied delay, a cache
coherence of the data processing system.
2. The method of claim 1, wherein:
the global memory location is a memory location in a
level two (L2) cache connected to the plurality of
processing elements in the data processing system; and
the local memory location is a memory location in a level
one (L1) cache of the processing clement.
3. The method of claim 1, wherein the load instruction is
a first load instruction, and applying the delay causes the
execution of the first load instruction to be completed later
than an execution of a second load instruction, the second
load instruction being younger than the first load instruction,
wherein the first load instruction and the second load
instruction each loads from the target cache line.
4. The method of claim 3, wherein validating the cache
coherence of the data processing system comprises:
in response to completing the execution of the first load
instruction, detecting whether the second load instruc-
tion is being re-executed;
in response to the second load instruction being re-
executed, determining the cache coherence of the data
processing system is successful; and
in response to the second load instruction not being
re-executed, determining the cache coherence of the
data processing system has failed.
5. The method of claim 3, wherein:
validating the cache coherence of the data processing
system comprises:
executing a logic that is programmed to re-execute the
second load instruction after the first load instruction
is executed with the applied delay;
in response to the second load instruction being re-
executed after the first load instruction is executed
with the applied delay, determining that the logic is
functioning correctly; and
in response to the second load instruction not being
re-executed after the first load instruction is executed
with the applied delay, determining that the logic is
not functioning correctly.
6. The method of claim 1, wherein the delay is based on
a random number.
7. The method of claim 1, further comprising:
detecting a data forwarding request to transfer data from
a load store unit of the processing element to the local
memory location; and
executing the data forwarding request and transferring the
data from the load store unit of the processing element
to the local memory location without the delay.
8. The method of claim 1, wherein the changes to the
target cache line comprises writing to the target cache line.
9. The method of claim 1, further comprising controlling
one or more linear feedback shift registers to generate the
delay.
10. A computing system comprising:
a first processing element;
a second processing eclement;
an interconnect connected to the first processing element
and the second processing element;
the first processing element being configured to:
detect a load instruction requesting a processing ele-
ment to transfer data from a target cache line in a
global memory location to a local memory location,
the global memory location being accessible by the
first processing element and the second processing
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element, and the local memory location being acces-
sible by the first processing element;

apply, in response to detecting the load instruction
requesting the first processing element to transfer the
data from the target cache line in the global memory
location to the local memory location, a delay in the
global memory location to delay the transfer of the
data from the target cache line in the global memory
location to the local memory location, wherein appli-
cation of the delay to the transfer of the data
increases a window of opportunity for the second
processing element to make changes to the target
cache line in the global memory location to create an
out-of-order hazard and wherein the delay is based
on a distance between the first processing element
and other processing elements in the computing
system,

execute the load instruction and transfer the data from
the target cache line in the global memory location to
the local memory location with the applied delay;
and

validate, in response to the execution of the load
instruction and transferring the data with the applied
delay, a cache coherence of the computing system.

11. The computing system of claim 10, further comprising
a level two (L2) cache connected to the first processing
element and the second processing element, wherein:

the global memory location is a memory location in the
L2 cache; and

the local memory location is a memory location in a level
one (L1) cache of the first processing element.

12. The computing system of claim 10, wherein the load
instruction is a first load instruction, and the application of
the delay causes the execution of the first load instruction to
be completed later than an execution of a second load
instruction, the second load instruction being younger than
the first load instruction, wherein the first load instruction
and the second load instruction each loads from the target
cache line.

13. The computing system of claim 12, wherein the first
processing element is configured to:

in response to completing the execution of the first load
instruction, detect whether the second load instruction
is being re-executed;

in response to the second load instruction being re-
executed, determine the cache coherence of the com-
puting system is successful; and

in response to the second load instruction not being
re-executed, determine the cache coherence of the
computing system has failed.

14. The computing system of claim 10, wherein the delay

is based on a random number.

15. A processing element comprising:

a processor pipeline comprising one or more load store
units (LSUs) configured to execute load and store
instructions, the one or more LSUs being configured to:
detect a load instruction requesting the processing

element to transfer data from target cache line in a
global memory location to a local memory location,
the processing element being among a plurality of
processing elements of a data processing system;
apply, in response to detecting the load instruction
requesting the processing element to transfer the data
from the target cache line in the global memory
location to the local memory location, a delay in the
global memory location to delay the transfer of the
data from the target cache line in the global memory



US 12,118,355 B2

19

location to the local memory location, wherein appli-
cation of the delay to the transfer of the data
increases a window of opportunity for the another
processing element to make changes to the target
cache line in the global memory location to create an
out-of-order hazard, and wherein the delay is based
on a distance between the processing element and
other processing elements in the data processing
system,

execute the load instruction and transfer the data from
the target cache line in the global memory location to
the local memory location with the applied delay;
and

validate, in response to executing the load instruction
and transferring the data with the applied delay, a
cache coherence of the data processing system
including the processing element.

16. The processing element of claim 15, wherein:
the global memory location is a memory location in a
level two (L2) cache connected to the plurality of
processing elements in the data processing system; and
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the local memory location is a memory location in a level
one (L1) cache of the processing eclement.
17. The processing element of claim 15, wherein:
the load instruction is a first load instruction, and applying
the delay causes the first load instruction to be fulfilled
later than a fulfillment of a second load instruction, the
second load instruction being younger than the first
load instruction and the second load instruction has a
target that overlaps with a target of the first load
instruction;
the one or more L.SUs being configured to:
in response to completing the execution of the first load
instruction, detect whether the second load instruc-
tion is being re-executed;
in response to the second load instruction being re-
executed, determine the cache coherence of the data
processing system is successful; and
in response to the second load instruction not being
re-executed, determine the cache coherence of the
data processing system has failed.
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